Research findings over the past several decades have shown that inflammation is a prominent feature of many chronic diseases, with poor diet being one likely inflammatory stimulus. Specifically, a single high-fat meal (HFM) has been suggested to increase inflammation, although there is currently no consensus with regard to the specific changes in many of the proinflammatory markers that are frequently assessed after an HFM. The aim of this systematic review was to objectively describe the postprandial timing and magnitude of changes in 5 common inflammatory markers: interleukin (IL) 6, C-reactive protein (CRP), tumor necrosis factor (TNF) a, IL-1b, and IL-8. Ten relevant databases were searched, yielding 494 results, of which 47 articles met the pre-established inclusion criteria: 1) healthy men and women aged 18-60 y, 2) consuming a single HFM ($30% fat, $500 kcal), and 3) assessing relevant inflammatory markers postmeal for $2 h. The only marker found to consistently change in the postprandial period was IL-6: on average, from a baseline of ;1.4 pg/mL, it peaked at ;2.9 pg/mL ;6 h post-HFM (an average relative change of ;100%). CRP, TNF-a, IL-1b, and IL-8 did not change significantly in 79% (23 of 29), 68% (19 of 28), 67% (2 of 3), and 75% (3 of 4) of included studies, respectively. We conclude that there is strong evidence that CRP and TNF-a are not responsive at the usual time scale observed in postprandial studies in healthy humans younger than age 60 y. However, future research should further investigate the role of IL-6 in the postprandial period, because it routinely increases even in healthy participants. We assert that the findings of this systematic review on markers of inflammation in the postprandial period will considerably aid in informing future research and advancing clinical knowledge. Adv Nutr 2017;8:213-25.
Introduction
Cardiovascular disease (CVD) 8 is widely recognized to be the leading cause of death in the United States and throughout Western society (1) . Lifestyle factors that appear to increase the risk of CVD include insufficient physical activity (2) , obesity (3) , and poor dietary habits (4) . Although the causal factors leading to the manifestation of CVD are certainly complex and numerous, it has become clear that a common feature of heart and vascular diseases is inflammation (5) . Atherosclerotic lesions, a prominent feature of CVD, are a hotbed of inflammatory activity. Briefly, immune cells such as T cells, macrophages, and mast cells will infiltrate into an atheromatous lesion, where they can perform the following: 1) promote prothrombotic factors, 2) cause the release of metalloproteinases and cysteine proteases that can reduce the stability of the atherosclerotic plaque, and 3) promote the release of proinflammatory cytokines, such as IL-6 and TNF-a (6) . These acute markers of inflammation then travel to the liver, whereby they stimulate the increased release of chronic, low-grade markers of inflammation, such as C-reactive protein (CRP). Excessive inflammation is positively associated with type 2 diabetes, obesity, and coronary artery disease (7, 8) .
But what are the stimuli that jumpstart the deleterious inflammatory cascade? A commonly suggested inflammatory stimulus is a chronic high-fat diet. Indeed, when rodents are fed a high-fat diet, there is an increase in markers of inflammation both in adipose tissue and in the systemic vasculature (9) (10) (11) . Thus, a diet high in fat and overall energy may partly cause the elevated systemic inflammation that underpins CVD, as well as insulin resistance, and is associated with obesity (12) . However, the effect of dietary consumption on inflammation may not be limited to chronic intake but may be evident after the consumption of a single meal.
To this end, numerous studies have been undertaken to investigate the effects of a single high-fat meal (HFM) on postprandial inflammation (see Table 1 , Supplemental Tables 1-4). Many studies have found a significant increase in markers of systemic inflammation after an HFM, whereas others have found no changes. Study design variables that could potentially affect relevant findings and consequently precipitate inter-investigation differences include meal size, meal composition, subject characteristics, previous acute exercise, postprandial period assessment length, and method of drawing blood. As a result, we are currently far from consensus with regard to the response features (i.e., timing and magnitude) after an HFM of even the most commonly assessed markers of inflammation. A synthesis of previous research that investigated postprandial inflammation, with particular attention to the specific features of the response, would inform future research and advance clinical understanding.
Therefore, the purpose of this systematic review was to characterize the postprandial inflammatory response, in terms of magnitude and timing, to an HFM in healthy men and women (aged 18-60 y) on the basis of the consolidated findings of previous relevant investigations. The markers of inflammation included in the present review include IL-6, IL-1b, IL-8, TNF-a, and CRP, because these are frequently assessed inflammatory markers in the postprandial period.
Methods
Inclusion criteria. To be incorporated into the present systematic review, there were multiple inclusion criteria that each study was required to meet. Individuals being assessed had to be men or women aged 18-60 y. Participants had to be healthy and not diagnosed with any chronic disease. Studies featuring overweight and obese participants were included in the analyses as long as they did not present with any other chronic disease. The study must have included an HFM challenge that provided $500 kcal of energy with $30% of the energy from fat. The study needed to feature a single meal or studies with serial meals provided in the postprandial period were included if there were data included for time points before the second meal. Any data reported after a second meal were excluded from the present analyses. If a study contained multiple meal trials or subsets of participants, each meal or participant group that met the inclusion criteria was considered separately. If a study included an exercise session, only the control (no exercise) condition was included. To be included, each study must have assessed $1 of the previously stated markers of inflammation (IL-6, IL-1b, IL-8, TNF-a, and CRP), both at baseline (fasting) and in the postprandial period for $2 h. Only data from full-text, peer-reviewed, and published articles were included (i.e., data from conference proceedings, abstracts, and textbooks were not included). There were no restrictions on year of publication, but only English-language articles were included. If a study did not satisfy all of the aforementioned criteria, it was excluded from the present systematic review.
Search strategy. Article searches occurred in January and February of 2016. Automatic searches recurred weekly throughout manuscript preparation in order to capture very recent publications. However, recurring automatic searches produced no new articles. Databases that were searched include the following: NCBI Pubmed, Scopus, Proquest Nursing and Allied Health, Web of Science, Cochrane Library, SpringerLink, SPORTdiscus, Health and Wellness Resource Center, Health Reference Center Academic, and PsycINFO. Key search terms were as follows: "postprandial" or "post prandial," "high fat meal," "inflammat*" or "cytokine or interleukin," "healthy" or "normal," and "humans" or "men" or "women." Appropriate search modifiers were used to exclude "children," "elder*," "rodents," "rats," and "mice." Articles retrieved during searching were imported into and cataloged by using RefWorks reference management software (ProQuest LLC). The process and results of the systematic search are shown in Figure 1 . There were 494 total citation hits from all databases combined. Of these, 163 citations were eliminated as duplicates (75 duplicates were retained). Of the 331 citations that passed the duplicate check, 103 citations were eliminated on the grounds of not being full-text, peer-reviewed research articles. The remaining 228 articles were assessed on the basis of the aforementioned criteria, in abstract-form only, by 2 independent reviewers (SRE and SPK). The reviewers then met to discuss the inclusion or exclusion of each abstract, and 156 articles were eliminated. Of the eliminated articles, 88 articles were eliminated due to not being postprandial studies assessing responses to a meal. The other 68 abstracts that were postprandial studies were eliminated due to not testing humans aged 18-60 y (8 articles), participants presenting with a chronic disease (12 articles), not using test meals that were $500 kcal and 30% fat (9 articles), and/or not testing $1 of the relevant inflammatory markers (51 articles). The remaining 72 articles were retrieved in full-text form and thoroughly assessed by both reviewers. Finally, 25 articles were eliminated after full-text assessment, leaving 47 articles to be included in the final analyses. The reasons for the eliminated 25 full-text articles are detailed in Figure 1 . Some abstracts and full-text articles were eliminated for not complying with multiple inclusion criteria.
Data extraction. Information with regard to the test meal (composition and fat and energy content), participants (number of participants, male-tofemale ratio, and age and BMI of participants), blood draw method (cannula or repeated venipuncture), and length of postprandial assessment was extracted from each study. In addition, for each inflammatory marker of interest (IL-6, IL-8, IL-1b, TNF-a, and CRP), the following information was extracted: whether or not the marker significantly changed from baseline, the fasting value, the time to peak or nadir (if applicable), and the peak or nadir value (if applicable). For many studies, all of the necessary information was not explicitly included in the article. In these cases, authors were directly contacted to obtain the missing information. Many authors provided the missing information (see Acknowledgments), although some did not; thus, some data are missing from the present analyses.
Assessing risk of bias. A quality-appraisal or risk-of-bias assessment was conducted for all 47 articles included in the analyses. All of the included studies used the same general study design; therefore, traditional qualityappraisal assessment tools were not applicable to the present systematic review. Consequently, we developed an internal validity checklist to assess the strength of each study (Supplemental Appendix A). This tool included 9 criteria based on different components of postprandial inflammation study design: control of diet, fasting quality control, control of exercise, sample size adequacy, postprandial period length, blood draw frequency, blood draw method, normalization of test meal, and proper processing of inflammatory marker analyses. Each study was assessed against the above criteria and given a score ranging from 0 to 9. Studies were scored separately by 2 independent reviewers (SRE and SPK), after which the reviewers met to confirm a final score for each study. Statistical analyses. Data analyses were performed by using GraphPad Prism (version 6.05; GraphPad Software) and SPSS Statistics software (version 22; IBM Corporation). The primary outcome measures in this review were mean baseline and peak values and the time-to-peak value for each marker of inflammation (in some studies, certain inflammatory markers were found to decrease, in which case the nadir and time-to-nadir values were used). Fasting and peak values for each inflammatory marker were assessed for objective statistical outliers by using the robust regression and outlier removal (ROUT) method (50) , which utilizes nonlinear regression, in GraphPad Prism. The Q value (or maximum falsediscovery rate) was set at 1%. The ROUT method involves 3 steps. First, a robust nonlinear regression is used to fit a curve that is not affected by outliers. Second, the residuals of the robust regression are assessed to determine whether or not there are any outliers. The third step of the ROUT method is simply removing the outliers from the data set. Nine outliers (7 fasting values and 2 peak values) were removed from the IL-6 data set, 1 outlier (a fasting value) was removed from the CRP data set, and 7 outliers (4 fasting values and 3 peak values) were removed from the TNF-a data set. The data sets for IL-8 and IL-1b were too small for outlier analyses; thus, all values were retained. For analyses of changes and differences between baseline and peak values, if there was no significant change postmeal for a given marker in a study, the baseline value was used as both the fasting value and the peak value in order to have a complete data set and not bias the findings toward a significant change. Many studies did not report a post-HFM value in the event of no significant change. Thus, in the original analyses, in all studies that did not find a significant change after the meal, the baseline value was used as the postmeal value. However, a secondary analysis that included post-HFM values of studies that did not find a significant change (when available) did not appreciably change the results. In addition, the studies that did report a nonsignificant postmeal value generally did not find a biologically significant change either. A paired t test was used to assess differences between mean baseline and peak IL-6 values from each study. This analysis was only performed for IL-6 because most studies found no significant change in the other markers postmeal. Spearman rank correlations were used to assess relations between percentage change in IL-6 (from fasting to peak) and mean participant BMI, mean participant age, energy content (in kilocalories) of the test meal, and percentage of energy content from fat in the test meal. Because BMI and percentage change in IL-6 were not normally distributed, they were transformed by using the Log-10 method. Data are presented as means 6 SDs. For all relevant analyses, the P value was set at <0.05.
Results Table 1 and Supplemental Tables 1-4 show the extracted information from each study separated by the respective marker of inflammation. Some studies are represented in multiple tables, because they assessed >1 of the relevant markers of inflammation. For IL-6, 32 of 45 studies (;71%) found a significant increase in the marker after HFM consumption. Ten studies (;22%) found no change in IL-6 post-HFM, 2 studies (;4%) found a significant decrease, and 1 study did not report whether or not the marker changed. Of the 32 studies that found a significant increase, 2 used repeated venipuncture and 30 used a cannula. In studies that found a significant change post-HFM, the time to peak was 5.9 6 2.0 h. For 22 of the 34 studies that found a significant postprandial IL-6 change, the mean peak value occurred at the final time point assessed in the study protocol. Before the removal of outliers, the baseline (fasting) and peak IL-6 values for all studies combined were 4.83 6 8.02 and 4.76 6 6.87 pg/mL, respectively. After outlier removal, the mean baseline and peak values were 1.37 6 0.93 and 2.85 6 1.85 pg/mL, respectively. The Values are means 6 SDs or means (ranges) unless otherwise indicated. Forty-five studies met the inclusion criteria and assessed IL-6 before and after the consumption of an HFM. If studies separately assessed different groups, those specific subsets are specified alongside the study. HFM, high-fat meal; MO, main outcome (whether or not IL-6 was the main outcome being studied); N, no; NS, not stated; NW, normal weight; P, plasma; PPP, length of postprandial period assessment; QA, quality appraisal; S, serum; TTP, time to peak or maximal observed concentration if a significant change was detected; Y, yes;
[, significant increase;
Y, significant decrease; 4, no significant change; -, not applicable; %E, percentage of energy.
2 Percentage of energy in the test meal from fat. 3 Baseline or fasting concentration of the marker. 4 Peak or maximal observed concentration of the marker.
mean percentage change from baseline to peak (after outlier removal) was 153% 6 256%. After the removal of outliers, but including studies that found no change or a decrease in IL-6 post-HFM, there was a significant increase (P < 0.0001) in IL-6 from baseline to peak value. Figure 2A shows the change in IL-6 from fasting to peak values for each individual study (after outlier removal) and the mean response. Twenty-nine studies met the inclusion criteria and measured CRP in the postprandial period. Of these, 23 studies (;79%) found no change in CRP in the assessed postprandial period. Four studies (;14%) found an increase and 2 studies (;7%) found a decrease in CRP after the meal. Of the studies that found an increase, the peak occurred at 4.7 6 2.3 h post-HFM. The fasting values for CRP were 1.50 6 1.15 g/L before outlier removal and 1.35 6 0.86 g/L after outlier removal. Three of the 4 studies that found a significant increase in CRP post-HFM did not report the peak value; thus, a mean peak value was not calculated. Figure 2B shows the mean and individual responses of CRP to an HFM for all studies.
TNF-a was assessed in 28 of the included studies. Five studies (;18%) found an increase, 4 studies (;14%) found a decrease, and 19 studies (;68%) found no significant change in TNF-a from baseline during the postprandial period. Before the removal of outliers, fasting and peak TNF-a values were 33.5 6 143.5 and 102.0 6 242.0 pg/mL, respectively. After the removal of outliers, the fasting and peak values were 2.76 6 1.95 and 2.85 6 2.02 pg/mL, respectively. In the studies that found a significant postmeal TNF-a increase, the peak occurred at 5.5 6 3.0 h. In the studies that found a decrease, the nadir occurred at 7.5 6 1.0 h. Figure 2C provides a visual representation of change or stagnation of TNF-a after HFM intake for the studies that passed the outlier check.
With regard to IL-1b, 3 studies assessed this marker in the postprandial period. Two studies found no significant change from baseline during the postprandial period, whereas 1 study found a significant decrease. In this study, the mean nadir value occurred at 4 h postmeal. Figure 2D shows fasting and postprandial values for the 3 studies that measured IL-1b.
Four studies measured IL-8 in the postprandial period. Of these, 1 study found a significant increase in IL-8 from baseline to peak and 3 studies found no change. The baseline value for IL-8 was 2.29 6 0.36 pg/mL. In the 1 study that found a significant increase, a peak value of 3.26 6 2.56 pg/mL was found 4 h after the HFM. Figure 2E shows the mean and individuals values for IL-8 at baseline and postmeal for the 4 respective studies. Figure 3 shows correlations of the percentage change in IL-6 from fasting to postmeal with different independent variables that could potentially affect the IL-6 response. There was a significant negative correlation (r = 20.42, P = 0.02) between the percentage of energy from fat in the test meal and the percentage change in IL-6 ( Figure 3A) . There was not a significant correlation (r = 0.23, P = 0.26) between the energy content of the test meal and the percentage change in IL-6 ( Figure 3B) . Similarly, mean BMI showed no significant relation (r = 20.12, P = 0.55) with the percentage change in IL-6 ( Figure 3C ). Finally, there was not a significant negative correlation (r = 20.28, P = 0.16) between mean age of the participants and the percentage change in IL-6 ( Figure 3D) .
The results of the quality appraisal for each study are shown in Table 1 and Supplemental Tables 1-4 . There was little variability in quality-assessment scores among studies, ranging from 2.5 to 6.5 points out of a possible 9 points. Generally, no differences were observed between studies with regard to appraisal score and whether or not a postprandial inflammatory change was detected. Because the quality-appraisal scores did not noticeably affect our primary outcomes, we did not adjust analyses to weight studies differently on the basis of appraisal score. Furthermore, because the research questions primarily involved calculation of baseline and peak means in inflammatory markers (as opposed to effect sizes of interventions, etc.), the present analyses did not fit well with traditional meta-analyses statistics conducted within systematic reviews. 
Discussion
Main findings. The purpose of this systematic review was to characterize the magnitude and timing of changes in markers of inflammation after HFM consumption with the use of methodically selected research articles that met preestablished criteria. The primary findings were as follows: 1) that, very often, there was a postprandial increase in IL-6; 2) IL-6 typically peaked at ;2.9 pg/mL or, more relatively, exhibited an ;100% increase from baseline that typically occurred ;5.9 h after the HFM; 3) TNF-a and CRP were assessed many times and yet very infrequently showed an increase post-HFM; 4) IL-8 and IL-1b have only rarely been assessed post-HFM in studies meeting our criteria; and 5) in studies that did assess IL-8 and IL-1b, although equivocal, the data suggested that these markers of inflammation did not significantly change after the consumption of an HFM. We believe that these findings are likely to be instrumental in advancing our understanding of the immune and inflammatory status of healthy individuals before and after HFM intake and will have utility in designing and interpreting future research.
Importance of postprandial inflammation. Why should we be concerned with the timing and magnitude of inflammatory cytokine responses after HFM ingestion? It is because substantial research points to the notion that persistent lowgrade inflammation is an underlying factor in several highmortality chronic diseases and that diet can contribute to, or attenuate, that inflammation (5). It was previously thought that atherosclerosis was a lipid-storage disease (7). However, we have come to realize the vital role of inflammation in the etiology of vascular diseases (5, 6, 51). Certainly, lipids play a role in the disease process, because subendothelial penetration and retention of lipoproteins can serve as an initiating event for the atherosclerotic cascade (52) . However, once the lipoproteins are in the endothelium, oxidative stress and inflammation processes assume a prominent role (6, 7). The lipoproteins are oxidized by reactive oxygen species, forming oxidized LDL. Oxidized LDL particles have several proinflammatory effects, including the following: 1) increased expression of adhesion molecules [e.g., vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1)], which promote the adhesion and penetration of immune cells to the endothelium (53); 2) increased proinflammatory cytokine release (54); and 3) activation of smooth muscle and endothelial cells (55) . In turn, the increased presence of immune cells, via the functions of adhesion molecules, further increases the oxidation of lipoproteins (7) . Many oxidized LDL particles will be phagocytically ingested by macrophages. These macrophages, formerly monocytes, are present consequent to their recruitment by inflammatory mediators, such as cytokines, and the linkage and induction properties of adhesion molecules (6) . When monocytes penetrate the endothelium, they differentiate into macrophages. Macrophages play a crucial role in the inflammatory processes that characterize atherosclerosis. Macrophages present cell surface receptors, which, when activated, result in the increased production of many proinflammatory cytokines and adhesion molecules (56) . Furthermore, as macrophages become increasingly lipid-laden as a result of oxidized lipoprotein phagocytosis, For markers other than IL-6, filled circles represent studies that found a significant change from pre-to postmeal, and open circles represent studies that found no significant postprandial change (difficult to differentiate with IL-6). For IL-6, CRP, and TNF-a, the data presented are after the removal of formal outliers. *Significant increase in IL-6 from fasting to peak value, P , 0.05. CRP, C-reactive protein; HFM, high-fat meal.
they will be laid down in the endothelium as foam cells, which are the hallmark cells of the atherosclerotic process and promote the progression of intima media thickness (6) .
The increased production of proinflammatory cytokines throughout the process outlined above is important considering their physiologic effects. First, cytokines act as intermediary messengers, recruiting immune cells such as monocytes, dendritic cells, and lymphocytes to the site of vascular damage and increasing the inflammatory tone of the endothelium (57) . Furthermore, it appears that inflammatory cytokines promote the activation of vascular smooth muscle and increase vascular sympathetic tone. These effects are evidenced by increased systolic blood pressure, decreased flow-mediated dilation, reduced release of the vasodilator NO, and decreased nitroglycerin-induced vasodilation (58) . There is also evidence that proinflammatory cytokines, such as IL-6 and TNF-a, directly increase insulin resistance in adipocytes (59) . Finally, locally produced proinflammatory cytokines often travel to the liver and increase the production of acute-phase response proteins, such as CRP and serum amyloid A (SAA) (6, 12) . CRP and SAA are strongly associated with chronic disease risk. Briefly, CRP concentrations have been shown to be predictive of, among other things, peripheral vascular disease (60), future cardiovascular events (61), and ischemic stroke and transient ischemic attack (62) . Similarly, SAA concentrations have been shown to be associated with coronary artery disease and future cardiovascular events (63) . However, evidence that implicates markers of inflammation with CVD is not limited to acute-phase response proteins. Elevated concentrations of IL-6 in circulation are associated with myocardial infarction (64), mortality (65) , and type 2 diabetes (66). Evidence linking inflammatory marker concentrations to chronic disease also exists for TNF-a (67), IL-1b (68), and IL-8 (69) . Clearly, there is a connection between elevated markers of systemic inflammation and the development of disease.
The connection between diet and systemic inflammatory tone has often been suggested (70, 71) . Several studies have investigated potential single-meal effects on markers of inflammation, with most studies using HFMs. However, as evidenced by our findings, there is inconsistency and ambiguity between studies with regard to the "normal" inflammatory response to an HFM. A recent review (12) performed a similar systematic search (with slightly different inclusion and exclusion criteria) and compilation of findings, but the authors elected to not quantify the collective response characteristics across studies. In the context of the equivocal nature of the postprandial inflammation research findings to date, as well as considering the physiologically important implications of altered inflammatory marker concentrations, the present systematic review was conducted to better inform future research studies, as well as to advance our understanding with regard to which inflammatory markers are responsive in the transient window after HFM intake.
Findings for individual inflammatory markers. The present review found that the majority of studies detected an increase in IL-6 after the consumption of an HFM, which agrees with the findings of Herieka and Erridge (12) . The increase is generally robust, because the average relative increase is ;100% of the baseline value; thus, IL-6 is quite FIGURE 3 Correlations of several study variables with percentage change in IL-6 from pre-to post-HFM in healthy participants. The percentage change in IL-6 from baseline to peak or maximal observed response concentration was assessed for potential correlations with the percentage of energy from fat in the test meal (A), the energy content of the test meal (B), the mean BMI of the study participants (C), and the mean age of the study participants (D). The only variable that was found to have a significant correlation with percentage change in IL-6 was the percentage of fat in the test meal, which exhibited a moderate negative correlation.
responsive to HFM intake. It has been suggested that detected increases in IL-6 in the postprandial period should be viewed with skepticism, because the process of cannulation has been shown to lead to increases in local IL-6 production (72). Indeed, it has been shown that cannulation without HFM consumption can lead to increases in IL-6 that are similar to those seen after HFM intake (73) . In the present review, the vast majority of articles (30 of 32) that found a significant increase in IL-6 post-HFM used the insertion of a cannula for repeated blood sampling. Thus, it is possible that, in these studies, some or all of the increase in IL-6 could be an artifact of a local inflammatory response to the cannula, as opposed to a systemic response to the meal. However, 2 important points should be considered. First, 2 studies in our analysis used repeated venipuncture for blood sampling and found significant postprandial increases in IL-6 (35, 49) . Second, one study (25) found both a significant increase in circulating IL-6 with the use of a forearm cannula and an increase in muscle expression of IL-6 with the use of a vastus lateralis biopsy, suggesting a systemic effect and not merely a local inflammatory response to the cannula. Collectively, these considerations suggest that at least some, if not all, of the IL-6 response to an HFM can be credited to the meal intake, instead of simply a local inflammatory response to cannulation. Regardless, because the majority of postprandial inflammation studies use cannulation, our findings nonetheless quantify the timing and magnitude of the collective IL-6 response to cannulation and an HFM. Because IL-6 is by far the most frequently assessed marker of inflammation in the postprandial period, and in consideration of its varied function in the progression of atherosclerosis, we assert that the findings of the present analyses have relevant clinical and research implications. Namely, elevated IL-6 concentrations have been linked to multiple clinical considerations. IL-6 concentrations have been found to be significantly associated with systolic and diastolic blood pressure, fasting insulin, and insulin sensitivity (74) . A systematic review found that long-term elevated IL-6 concentrations are associated with coronary artery disease to a similar degree as most traditional risk factors (75) . Finally, high IL-6 concentrations have been associated with mortality in a population-based study in older adults (65). Harris et al. (65) found that the individuals in the highest IL-6 quartile, and who therefore presented the highest mortality risk, showed IL-6 concentrations >3.19 pg/mL. Interestingly, the present review found that IL-6 starts at ;1.4 pg/mL and peaks at ;3 pg/mL after an HFM in healthy adults aged <60 y. Thus, a single HFM can induce a considerable postprandial increase in which circulating IL-6 concentrations can approach clinically high concentrations, even in young healthy individuals. Although more research is needed with regard to the clinical importance of acute IL-6 fluctuations, considering the established relations between IL-6 concentrations and adverse health outcomes, these acute IL-6 fluxes likely represent an important physiologic occurrence similar to other postprandial excursions (e.g., TGs, glucose) that have been shown to be associated with negative health outcomes.
On the basis of our search results, CRP was the second most frequently assessed (29 studies) marker of inflammation in the postprandial period after HFM intake. Because ;80% of these studies found no significant change in CRP in the assessed postprandial period, and considering that the remaining 6 studies that found a significant change were divided in their findings (i.e., 4 found a significant increase and 2 found a significant decrease), the evidence strongly suggests that CRP is not a responsive marker of inflammation in the typically assessed 4-to 8-h postprandial period in healthy adults. This assertion is in agreement with our understanding of the physiologic pathway that results in an increase in CRP. The main drivers behind an increase in circulating CRP are proinflammatory cytokines produced locally at the site of damage (e.g., the inflamed endothelium). These proinflammatory cytokines, especially IL-6, then travel to the liver and stimulate increased production of acute-phase response proteins, such as CRP and SAA (6). The time course by which this pathway occurs is considerably slower than those of locally produced cytokines, because there is typically no detectable change in the first 5 h after a stimulus. Instead, CRP will slowly increase and peak at ;24 h poststimulus. [Note: these responses are typically experimentally described by using an endotoxin model, not necessarily an HFM (12) .] Thus, because CRP and other acute-phase response proteins reflect the cumulative inflammatory response (i.e., include the amplification and stimulation of many locally produced inflammatory molecules and their subsequent stimulation of acute-phase response proteins in the liver), as well as bearing in mind the delayed increase and decrease in acute-response phase proteins, CRP is a particularly advantageous marker of chronic inflammation to assess both clinically and in research. However, for these same reasons, CRP is not a viable inflammatory marker to assess in a prototypical postprandial assessment study. In consideration of the delayed response of CRP poststimulus, in combination with the findings of the present review indicating that CRP shows no change in the vast majority of postprandial inflammation studies, we recommend that CRP no longer be assessed for postprandial changes in response to an HFM in healthy adults. To be sure, CRP retains its utility in assessing overall or baseline inflammatory status; however, it is simply unlikely to change in the 4-8 h after the ingestion of an HFM in healthy individuals <60 y of age.
TNF-a has also been widely assessed in the postprandial period as an inflammatory marker that is thought to typically increase after HFM intake. Specifically, TNF-a, like IL-6, is believed to increase quickly in the poststimulus period, peaking at ;2-3 h, then returning quickly to baseline (12) . However, the findings of the current review disagree with this notion in the context of an HFM. We found that, of the studies that met the pre-established inclusion criteria, ;70% (19 of 28 studies) found no significant change in TNF-a after an HFM. Similar to CRP, the remaining studies that did find a significant change were divided in terms of detecting a significant increase (5 studies) or decrease (4 studies). TNF-a is primarily produced by macrophages, such as those that populate inflamed regions of the vascular endothelium (6, 76) . TNF-a is known to be an important mediator in both acute and sustained inflammation (76) . Specifically, TNF-a can induce increased secretion of itself, as well as other proinflammatory cytokines, making it an important contributor to the amplifying nature of the inflammatory response (76) . However, although it appears that TNF-a may be particularly responsive in an endotoxin model of inflammation, it is not very responsive to HFM intake. Because 23 of 28 studies assessing postprandial TNF-a in the present review found either no change or a significant decrease after an HFM, it appears that TNF-a is either not sufficiently responsive to an HFM stimulus or is too variable in its assessment to be deemed a reliable marker of inflammation in the hours after HFM intake.
Although the majority of included studies did not find a significant change in CRP or TNF-a, it is interesting that there was disagreement with regard to the directionality of the change in studies that did detect significant differences. This could possibly be driven by the composition of the test meal characteristics. With regard to meal composition, previous evidence suggests that type of fat (77) , macronutrient distribution (35) , and overall nutrient density (78) of the meal can alter the postprandial inflammatory response. Nevertheless, there were no clear, common differences between studies that found an increase compared with a decrease in CRP or TNF-a in the current review. Overall, due to the heterogeneity of study designs (especially test meal composition), this review is not well equipped to accurately identify the meal characteristics that induce inflammation. On the contrary, the goal of this review was to summarize the overall post-HFM inflammatory response. Although there are potentially certain nuances and influential factors that likely affect the response, the data synthesized in the present systematic review strongly suggest that CRP and TNF-a do not typically change in the acute hours after HFM consumption.
The remaining markers of inflammation assessed in the present study, IL-1b and IL-8, were rarely measured in the acute postprandial period in healthy individuals (IL-1b, 3 studies; IL-8, 4 studies). Because few studies analyzed these markers, we cannot make firm conclusions with regard to their activity in the hours after a meal. However, our findings do not suggest that these markers robustly change after the consumption of an HFM, because 2 studies found no change in IL-1b post-HFM and 1 found a significant decrease, and 3 studies found no change in IL-8 post-HFM and 1 found a significant increase. Despite being less frequently assessed, IL-1b and IL-8 are both considered proinflammatory cytokines that play adverse pathophysiologic roles in CVD development, recruiting immune cells to the site of vascular damage as well as promoting increased production of other proinflammatory cytokines (79) . IL-8 is produced from a variety of cells, including monocytes, macrophages, T lymphocytes, and endothelial cells (80) , whereas IL-1b is produced primarily by activated macrophages. Similar to TNF-a, although IL-1b and IL-8 are produced locally at the site of damage, they do not appear to transiently and/or robustly change in the postprandial period after the consumption of an HFM.
Strengths and limitations. There are several strengths to the present systematic review. First, we used a robust systematic search of 10 relevant databases with a search strategy developed with the assistance of a librarian (CL). The relatively large number of citations found with the original search (494 citations), in addition to the number of duplicate citations found by multiple databases (164 duplicates eliminated), suggests that the search was comprehensive and that it is unlikely that many, if any, relevant articles were not captured with our systematic search. Next, our generally broad yet clearly defined inclusion criteria ensure that our findings are applicable to many people, namely healthy men and women between the ages of 18 and 60 y, independent of geographic region and body weight status. Finally, a strength of this study lies in its research and clinical utility. This systematic review represents the first attempt, to our knowledge, to clearly quantify the specific changes in commonly assessed markers of inflammation in response to an HFM.
However, this review is not without limitations. As with any systematic review, it is possible that we may have missed $1 pertinent study. In addition, not all of the studies that met our inclusion criteria provided all of the information needed to help answer our research question. Although all of the authors whose articles had missing data were contacted in an effort to retrieve those data, and many authors complied and submitted their data to us (see Acknowledgments), not all responded, and consequently some studies are still missing important information such as peak and time to peak responses for an assessed cytokine. Next, the external validity of our findings are limited to healthy adults. Individuals with disease will typically present with a high systemic inflammatory tone; therefore, the postprandial inflammatory response may be more dramatic in these populations. In addition, it should be noted that most studies included in the present systematic review assessed postprandial inflammation for 4-8 h after HFM intake. Thus, our review is not equipped to describe any inflammatory marker changes that could potentially occur outside of that typically used window of time. Next, an additional analysis with regard to the relation between the type of fat or meal in determining the postprandial inflammatory response would have been informative. However, due to the heterogeneity of test meals and the manner in which they were reported, this point was not possible for the present systematic review to address in a qualitative analysis. Qualitatively, however, there do not appear to be any noticeable trends between studies that found an increase in a marker and those that found no change other than that most studies used meals reflective of the Western-type diet, which is high in animal (saturated) fats, simple carbohydrates, processed foods, and kilocalories and low in fruit, vegetables, whole grains, and fiber. Finally, a frequent consideration with postprandial metabolic and inflammatory response research is the use of test meals that are not necessarily representative of meals that individuals might consume during normal daily living. Consequently, this systematic review contained many studies with test meals that were quite large, energy-dense, and high in fat (Table 1, Supplemental Tables 1-4 ). This point should be considered when interpreting and drawing conclusions from the present data.
Conclusions and future directions. This systematic review aimed to characterize the postprandial response of 5 commonly assessed markers of inflammation after the intake of an HFM. Our findings suggest that only 1 of those 5 markers, IL-6, consistently increases in the 4-8 h post-HFM. Specifically, IL-6 will, on average, start at a baseline of ;1.4 pg/mL and peak at ;2.9 pg/mL ;6 h later. In relative terms, IL-6 will increase by ;100% in response to an HFM. Of the potential independent variables considered, only the percentage of fat in the test meal showed a significant (negative) correlation with the percentage change in IL-6 post-HFM, although a linear regression model including age, BMI, percentage of fat in the test meal, and energy content of the test meal was found to significantly predict the percentage change in IL-6. With regard to CRP and TNF-a, these markers were found to be very commonly assessed in the postprandial period, although they rarely showed any change. IL-8 and IL-1b also infrequently changed after HFM consumption in healthy individuals, although these markers have only been assessed in a few studies. In light of these findings, we have the following several recommendations for future research: 1) we suggest that CRP and TNF-a no longer be assessed for postprandial changes in healthy individuals within the normal 6-8 h postprandial time course; 2) instead, there may be more merit in assessing other inflammatory markers, such as leukocyte-bound markers, in healthy individuals exposed to an HFM, because they may be more likely to show postprandial changes (12); 3) a similar review focusing on the postprandial inflammatory response of individuals with disease is warranted, because the results could very likely differ from the present review that focused on healthy individuals; and 4) further investigation into the specific role that IL-6 plays after HFM intake would be beneficial.
